ABSTRACT: Chemical signatures of iron oxides from dolomitic itabirite and high-grade iron ore from the Esperança deposit, located in the Quadrilátero Ferrífero, indicate that polycyclic processes involving changing of chemical and redox conditions are responsible for the iron enrichment on Cauê Formation from Minas Supergroup. Variations of Mn, Mg and Sr content in different generations of iron oxides from dolomitic itabirite, high-grade iron ore and syn-mineralization quartz-carbonate-hematite veins denote the close relationship between high-grade iron ore formation and carbonate alteration. This indicates that dolomitic itabirite is the main precursor of the iron ore in that deposit. Long-lasting percolation of hydrothermal fluids and shifts in the redox conditions have contributed to changes in the Y/Ho ratio, light/heavy rare earth elements ratio and Ce anomaly with successive iron oxide generations (martite-granular hematite), as well as lower abundance of trace elements including rare earth elements in the younger specularite generations.
INTRODUCTION
The genesis of high-grade iron ore bodies has been extensively discussed worldwide. Different processes such as hydrothermal syn-metamorphic (Guild 1953 (Guild , 1957 Dorr 1965 Dorr , 1969 , residual supergene (Dorr 1964; Eichler 1968; Melfi et al. 1976) , or paleo-supergene enrichment (Morris 1980 (Morris , 1987 Harmsworth et al. 1990) , and the juxtaposition of hypogene and supergene fluids (Hagemann et al. 1999 (Hagemann et al. , 2005 Powell et al. 1999; Taylor et al. 2001; Rosière & Rios 2004 ) are considered to be responsible for the iron enrichment.
In most of the large iron deposits, Fe enrichment appears to be a multistage process involving hydrothermal leaching of gangue minerals (Taylor et al. 2001; Hagemann et al. 2005) and Fe remobilization. Rosière & Rios (2004) have documented in the Conceição Mine (Quadrilátero Ferrífero) an association of several iron oxide generations with different mineralization stages.
In situ trace element geochemistry studies by Laser Ablation -Inductive Coupled Plasma -Mass Spectrometer (LA-ICP-MS) are expected to shed some light on the understanding of the mineralization processes that have led to the iron ore concentration in the Esperança deposit, located in the Quadrilátero Ferrífero. They help to trace the geochemical signature of the different iron oxide generations, to constrain the physico-chemical conditions of their formation and their compositional evolution with time (Nadoll et al. 2014) . In this study, samples of highgrade massive ore and fibrous quartz-carbonate-specularite veins, both hosted in dolomitic itabirite, from the Esperança deposit, are examined using LA-ICP-MS. Fibrous quartz-carbonate-specularite assemblages grow upon opening of the veins and consequently offer constrains on fluid conditions at the time of fracturing during syn-kinematic mineralization (Rosière et al. 2001) . Iron oxide microchemistry reflects the variation in the fluid composition and the prevailing physico-chemical conditions during the process thus enabling to draw important conclusions about the transformations associated with the different stages of mineralization.
Geological setting of the Quadrilátero Ferrífero
The Quadrilátero Ferrífero district is located in the central part of Minas Gerais, southeastern Brazil ( Fig. 1) , where itabirites, a metamorphic variety of Banded Iron Formation (BIF) Hagemann et al. 2008) , of the Cauê BIF from the Minas Supergroup, host high-grade iron ore bodies (Fe > 64wt%). The ore is comprised mainly of magnetite and martite (hematite pseudomorph after magnetite) aggregates and younger hematite crystals that display a wide variety of microstructures and textures (Rosière et al. 2001 (Rosière et al. , 2013a (Rosière et al. , 2013b .
The platformal units of the Minas Supergroup were deposited at the SE border of the Archean São Francisco paleocontinent (Ávila et al. 2010) with the onset of deposition at about ~ 2600 to 2520 Ma as indicated by U-Pb ages for detrital zircons from the basal Moeda quartzites (Machado et al. , 1996 Renger et al. 1994; Hartmann et al. 2006) . The rocks exhibit structures that are the product of two main orogenic events (Machado & Carneiro 1992; Chemale Jr. et al. 1994; Alkmim & Marshak 1998; Noce et al. 1998; Rosière et al. 2001) : the Transamazonian (2.1 -2.0 Ga) and the Pan-African/ Brasiliano (0.8 -0.6 Ga; Rosière et al. 2001) . During the early Transamazonian orogeny (Rosière et al. 2013a) , structurally controlled, high-grade martite-hematite iron ore bodies of hypogene origin formed in the Cauê BIF, as discussed by Guild (1953 Guild ( , 1957 , Dorr (1965) and Rosière and Rios (2004) . Two penecontemporaneous events developed significant folds and related faults with northeast-southwest and northwest-southeast orientations, which constrain the alignment and location of the ore bodies .
Dolomitic itabirite and the hypogene enrichment of banded iron formation in the Quadrilátero Ferrífero
Hypogene enrichment of the itabirite is the main ore-forming process in the Quadrilátero Ferrífero (Rosière & Rios 2004; Rosière et al. 2008) . In this region, hydrothermal fluids interacted with the BIF protolith during the Transamazonian orogeny (Rosière et al. 2013a ) resulting initially in the formation of magnetite-rich, high-grade ore bodies. Later hypogene fluids, probably modified by ancient meteoric waters, seeped through the fault zones and were responsible for the oxidation of the magnetite protore. This resulted in martite aggregates and younger precipitated and recrystallized hematite crystals (Rosière & Rios 2004) . In granoblastic domains, hematite grains comprise a fabric of anhedral to subhedral grains with elongated platelets that occur as fillings in veins, voids and vugs in the interstices of martite-hematite aggregates. In schistose domains, associated with highly strained zones, platy crystals exhibit a preferred orientation with the development of a continuous foliation. The mineralogical changes during mineralization are associated with the remobilization of large amounts of dolomite, quartz, lesser iron oxide and the substantial development of veins. Mining developments beneath the water table (Spier et al. 2003) have shown that, although high-grade ore bodies may be hosted by quartz-rich itabirite, the dolomitic variety represents its most important protolith. Dolomitic itabirite has been observed in the Águas Claras (Spier et al. 2003) , Esperança and other deposits in the Quadrilátero Ferrífero.
Dolomitic itabirite is one of the mineralogical facies distinguished by Dorr (1964 Dorr ( , 1965 Dorr ( , 1969 and Dorr and Barbosa (1963) . It combines the characteristics of BIFs and marine dolostones with large amounts of iron oxides and texturally it is very similar to quartz itabirites. Spier et al. (2007) interpret these rocks from the Itabira Group as the product of diagenetic processes under unusual conditions at the final stages of Paleoproterozoic iron deposition. Morgan et al. (2013) , using mineralogical investigations combined with rare earth elements behavior and trace elements geochemistry, proposed a mixed marine-hydrothermal origin for these rocks. In contrast, Beukes et al. (2003) , based on deep drilling and mining data, consider these rocks to be a product of hypogene alteration of quartz itabirite during carbonate metasomatism which has substituted silica by iron-rich dolomite. 
Esperança Deposit
The Esperança Deposit is located in the northwestern part of the Quadrilátero Ferrífero, in the western branch of the Serra do Curral Ridge, near Brumadinho, Minas Gerais (Fig. 1 ). This deposit is currently being exploited by Ferrous Resources. According to internal reports, the available reserves comprise 339 million tons of high (> 60% Fe) and low-grade (30 -60% Fe) weathered friable dolomite-bearing ore with a production capacity of 2 million tons/year.
The regional structure is controlled by NE-SW trending folds and related thrusts, partially overlapped by a second group of NNW-SSE trending folds (Sanglard et al. 2011) . According to these authors, the structural arrangement led to the development of open spaces and strain gradients that allowed the circulation of fluids responsible for the hypogene alteration and mineralization of the BIF. Dolomitic itabirite exhibits a large variety of minerals, including iron oxides, quartz, dolomite/ankerite, minor calcite and silicates such as chlorite, amphiboles (cummingtonite, grunerite), stilpnomelane and talc/minnesotaite. A wedge-shaped, near-vertical, massive high-grade ore body is hosted by dolomitic itabirite. The ore body trends NE-SW and cuts the layers of the Cauê Formation narrowing with depth (Sanglard 2013) . The contact between the ore body and dolomitic itabirite is sharp. The high-grade ore body comprises magnetite-martite-maghemite and hematite-specularite that grows either as xenoblastic or idioblastic crystals. The relatively small size of the ore body (~ 120 m thickness) allows the identification of hypogene alteration zones, which include several vein generations comprising carbonate, quartz, iron oxide, minor chlorite, amphiboles, stilpnomelane and rare sulfides.
MATERIALS AND METHODS
LA-ICP-MS analyses were performed at the Chemistry and ICP Laboratory, part of the NAP GeoAnalítica Geoscience Institute, University of São Paulo (USP), using a quadrupole ICP-MS spectrometer, ELAN 6100DRC, Perkin Elmer/ Sciex TM , and a New Wave Laser Ablation system, model UP-213 A/F with super cell.
Analytical conditions were: 1. laser energy for mineral ablation 3.5 J/cm 2 , 2. laser pulse frequency 10 Hz, 3. ablation carrier gas was He (0.5 L/min), and 4. Ar at 0.5 L/min for transport to the ICP, RF Power 1,300 W.
The laser diameter (40 to 65 µm) and the hole depth (10 to 15 µm) varied depending on the size and shape of the crystal and for some analyses a spot or a raster was used. The dwell times were also variable for each element (8.3, 16.7, and 25 ms The reference material (RM) Nist-610 (NIST-USA) was used as external calibration standard. Besides the low iron content in NIST-610 (458 µm/g), it is considered an adequate external standard. Iron (Fe) was applied as an internal calibration standard, to correct drift and fractionation.
The RM BHVO-2G (FeO = 11.3%) was provided by United States Geological Survey (USGS), characterized by LA-ICP-MS (Gao et al. 2002) , and has the data compiled by GEOREM (2014). BHVO-2G was used as a quality control standard in order to verify the accuracy of the obtained results (Appendices 1 and 2).
All the results were processed by Glitter Software (Access Macquarie LTD), developed by GEMOC National Key Center, Macquarie University, Australia. The mean and median values of the analyzed elements in BHVO-2G are similar to the values obtained by Gao et al. (2002) . Coefficients of variation (%CV; Horwitz 1982) are inside of the interval from 80 to 120% of the values proposed by Gao et al. (2002) (Appendix 1), that are expected for concentration levels analyzed by LA-ICP-MS. The elements Sb (56%), Pb (137%), and Si (123%) are the only ones out of these CV and perhaps with a major set of data this deviation could be corrected.
The relative standard deviation (rsd) obtained for the samples and BHVO-2G was above the quantitation limit (3.33 of the detection limit). Usually, the precision represented by rsd is 10 -15%. However, whether obtained values for the elements approach the detection limit, the rsd values are increased as observed in Bi, As, and Sb from BHVO-2G and other elements from analyzed samples (Appendices 1 to 3). Sample DI is a fine-grained banded rock, with gray iron oxide bands alternating with red dolomite bands. Mm-to cm-wide crack-seal veins composed mainly of quartz, carbonate and specular hematite cut the sampled rock ( Figs. 2A  and 2B ). The prevailing iron oxide of the banded iron formation is anhedral granular hematite (gHmA) with pinkish (dark gray in Fig. 2D ) relics of kenomagnetite (kmg) although several subhedral to euhedral martite crystals are intergrown with the hematite aggregates (Figs. 2C and 2D ). The reddish dolomite layers comprise mainly subhedral to anhedral grains with straight or lobed boundaries with subordinate quartz and calcite. Accessory minerals include talc, amphibole and chlorite.
Analyzed samples
Sample HIO1 is a fine to medium grained (< 50 µm), massive high-grade iron ore ( Fig. 3A) with a brecciated fabric. The rock is comprised by aggregates of granoblastic hematite/martite (gHmB: ~ 90 vol%) with kenomagnetite relics (Fig. 3B ) similar to those observed in the DI. Large platy hematite (spH1A: 100 -500 µm) grows in apparent vugs surrounded by hematite-martite aggregates (Fig. 3C) , whereas elongated coarse platy crystals (specularite -spH1B: > 500 µm) build irregular-shaped sheaves filling open spaces or fractures (Fig. 3D) . Sample HIO2 is similar to HIO1 (Figs. 4A and 4B), although lacking microplaty hematite or specularite in the interstices. A cm-long extensional vein filled with syntaxially grown fibrous specularite and quartz cuts across the sample.
Two distinct fibrous veins have been selected for analysis: 1. Carbonate-quartz-specularite vein in DI (Fig. 5A) .
Crystals are medium-to coarse-grained (> 200 µm), which grew asymmetrically as syntaxial, elongated, straight to slightly curved fibers of calcite and dolomite, perpendicular to the sharp contact between the vein and the wallrock. Thin specularite plates (spH2A) grow from the iron oxide bands giving a "layered" structure to the vein (Figs. 5B and 5C). Quartz occurs as fibers in the middle of the vein together with specularite.
On the other vein margin, carbonate grains are short and grow oblique to the wallrock towards the center. Chlorite crystals are also observed. 2. Quartz-specularite vein in high-grade ore also displays asymmetric growth fibers, comprised of elongated specularite (spH2B) that syntaxially grows from one vein wall towards the other. Sacaroidal quartz concentrates on the opposite wall (Fig. 5D ).
RESULTS OF TRACE ELEMENT MICROCHEMISTRY (LA-ICP-MS)
LA-ICP-MS analyses were performed on different textural types of hematite observed in the studied samples from the Esperança Deposit: granular hematite from DI (gHmA; Fig. 2D ) and from high-grade iron ore (gHmB; Figs. 3B and 4B); random specularite plates from sample HIO1 grown in vugs (spH1A; Fig. 3C ) and large cavities (spH1B; Fig. 3D ); and fibrous specularite from the veins (spH2A, sample DI; Figs. 5A to 5C; spH2B, sample HIO2; Fig. 5D ). The obtained results and associated statistical data can be accessed in Appendices 2 and 3.
Dolomitic itabirite
Figures 6A and 6B display LA-ICP-MS trace element data from granular hematite (gHmA) and vein hosted specularite (spH2A). The trace element contents for both iron oxides are generally low (< 100 ppm), with the exceptions of Ti (gHmA = 211 -397 ppm, spH2A = 82 -339ppm), Cr (gHmA = 78 -107 ppm, spH2A = 69 -93 ppm), Mg (gHmA = 912 -71273 ppm, spH2A = 3.5 -1182 ppm), Mn (gHmA = 337 -5885 ppm, spH2A = 90 -250 ppm), Al (gHmA = 98 -451 ppm, spH2A = 73 -169 ppm), and Si (gHmA = 1225 -1668 ppm, spH2A = 3888 -105443 ppm). In Fig. 6B , the specularite data were normalized to the average values of the granular hematite. Specularite plates are depleted in most of the analyzed elements, particularly in Mg. Silica exhibits considerably high but variable contents.
High-grade iron ore 1
Figures 6C and 6D show the composition of granular hematite (gHmB), platy hematite (spH1A), and specularite (spH1B) crystals. The trace element concentration for the three textural types is also very low, but with concentrations significantly higher than 10 ppm in the following elements: Na (gHmB = 25 -47 ppm, spH1A = 2 -21 ppm, spH1B = 22 -76 ppm), Ti (gHmB = 60 -86 ppm, spH1A = 212 -290 ppm, spH1B = 264 -455 ppm), V (gHmB = 24 -32 ppm, spH1A = 49 -56 ppm, spH1B = 48 -56 ppm), Cr (gHmB = 89 -112 ppm, spH1A = 84 -87 ppm, spH1B = 78 -91 ppm), Mg (gHmB = 73 -166 ppm, spH1A = 4 -28 ppm, spH1B = BDL), Mn (gHmB = 160 -343 ppm, spH1A = 105 -123ppm, spH1B = 91 -108 ppm) and Al (gHmB = 369 -498 ppm, spH1A = 88 -184 ppm, spH1B = 62 -178 ppm) (Fig. 6C) . Specularite spH1A and spH1B crystals present very similar contents for most analyzed elements (Figs. 6C and 6D ). In Fig. 6D , the data from spH1A and spH1B crystals are normalized to the average values of granular hematite (gHmB). Both spH1A and spH1B are relatively depleted in most of the analyzed elements compared to gHmB, except in Ti, V, and Nb. Chromium and Ga contents are similar in all three oxide types.
High-grade iron ore 2
The contents of trace elements obtained for the iron oxides from sample HIO2 (Figs. 6E and 6F) show a slightly more dispersed pattern than the other two samples, mainly for the specularite crystals (spH2B; Fig. 6E ). Only a few elements present concentrations significantly higher than 10 ppm: Ti (gHmB = 47 -77 ppm, spH2B = 18 -74 ppm), V (gHmB = 28 -47 ppm, spH2B = 35 -68 ppm), Cr (gHmB = 71 -81 ppm, spH2B = 65 -93 ppm), Mg (gHmB = 43 -127 ppm, spH2B = 2 -120 ppm), Mn (gHmB = 100 -157 ppm, spH2B = 84 -811 ppm), Al (gHmB = 233 -582 ppm, spH2B = 53 -6148 ppm), Si (gHmB = 690 -2170 ppm, spH2B = 82 -12841 ppm), and P (gHmB = 7 -245 ppm, spH2B = 34 -65 ppm). Specularite (spH2B) values were normalized to the average contents of granular hematite (gHmB) from this sample (Fig. 6F) , revealing a strong depletion of most elements for spH2B, except for a relative enrichment of Mn and Si. The contents of Ti, V, Cr, and Ga remained fairly constant.
In order to quantify the chemical differences between the textural types of hematite from the DI and the highgrade iron ore samples, the different analytical results were normalized with respect to the average values determined in the granular hematite (gHmA) from DI (Fig. 7) . These values were considered suitable for the normalization once this hematite generation represents the earliest iron oxide available in the studied samples. The patterns of the trace element distribution of granular hematite from the high-grade iron ore samples (gHmB) are very similar to the patterns from gHmA grains although some distinctions are present. The contents of V, Cr, Al, Ga, Si, As, and Sb remained constant in both grain types, whereas the elements Sr, Mg, and Mn are depleted and Mo, Cu, Bi, and Pb are enriched in the high-grade ore sample (Fig. 7A) .
Trace element concentrations are very similar when compared to each other in all specular hematite types ( Fig. 7B) (Fig. 9) and ternary (Fig. 10) plots. From these diagrams, it is evident that granular hematite (gHmA) grains from the DI are signifi cantly richer in Sr, Mn, and Mg than the iron oxides from both hard ore and veins (Figs. 9 and 10 There is a progressive decrease in the relative contents of Mg and Sr from the gHmA grains to high-grade gHmB and then to high-grade iron ore specularite (spH1A, spH1B, and spH2B). In contrast, the behavior presented by Mn shows a relative increase from the granular Hm to the younger specularite plates found in the high-grade ore sample (spH1A, spH1B, and spH2B). In the spH2A platelets from itabirite, on the other hand, the contents of Mg, Mn, and Sr exhibit stronger variations than the other hematite generations (Fig. 10) .
Titanium, chromium and vanadium mobility
The narrow ranges of values for Cr and V suggest that these elements behaved largely immobile during the formation of the different textural types of hematite (Fig. 8) On the other hand, the Ti contents present a relative variation in comparison with Cr and V as indicated in Fig. 11 . This relation is represented by the trajectories I and II in Fig. 11 , which indicate the relative decreasing values of Ti from gHmA to gHmB (trajectory I) and from spH1A and 1B to spH2A and 2B (trajectory II).
Rare earth elements and yttrium behavior
The REE-Y contents in the iron oxides were normalized with respect to Post Archean Average Shale (PAAS; McLennan 1989; Fig. 12 ). The ΣREE values (Tabs. 1 to 4) are very low for all analyzed iron oxides, but higher for granular hematite grains (between 3 and 15 ppm) than for the younger specularite plates (< 5 ppm).
The REE-Y spidergrams of granular hematite crystals from DI (gHmA) are very similar to those for BIF whole rock analyses reported by Spier et al. (2007) from the Quadrilátero Ferrífero (Fig. 12) . They show generally low light/heavy rare earth elements (LREE/HREE) ratio with (La/Yb) PAAS and (Sm/Yb) PAAS varying from 0.19 to 1.13 and from 0.18 to 0.55, respectively, and present positive anomalies of both Eu (0.90 -2.72) and Y (1.43 -3.48; Table 1 single analytic values below the detection limit (BDL), preventing the calculation of Eu and Y anomalies for these minerals (Tabs. 2 to 4).
Most of the granular hematite (gHmA) and specularite (spH2A) from the DI sample show true negative Ce anomaly (sensu Bau & Dulski 1996) , whereas iron oxides from high-grade iron ore show nearly positive or no Ce anomalies (Fig. 13) .
In a CHArge-and-RAdius-Controlled (CHARAC) geochemical system, a twin pair element with similar charge and radius, like in the case of Y-Ho, should present a consistent behavior and preserve their chondritic ratio, 24 < Y/Ho < 34 (Bau 1996) . However, the primitive relationship between these two elements is not expected in aqueous solution due to their fractionation controlled by chemical interactions with the fluid leading to higher Y/Ho ratios (Minami et al. 1998) . Fractionation of these elements in seawater occurs most probably by scavenging of Ho by particulate matter, resulting in the hyperchondritic values of 44 to 74 as found in modern oceans, which is higher than for shales (~ 27; Bau 1996; Nozaki et al. 1997) . Early Paleoproterozoic BIFs, considered to reflect chemical conditions of ancient oceans, have positive Y anomalies and an average Y/Ho ratio of 39 (Planavsky et al. 2010 ).
The Y/Ho ratios were calculated for all iron oxides from the Esperança samples. The results are plotted in a Y versus Y/Ho diagram and compared to chondritic (CHARAC) and seawater value ranges (Fig. 14) . Granular hematite from DI (gHmA) exhibit Y/Ho ratios (38 -77) near the seawater field (Fig. 14) . Granular hematite from high-grade iron ore (gHmB), HIO1 (22 -23) and HIO2 (20 -30) present Y/Ho ratios within or close to the CHARAC field, whereas spH2A (6 -34) has near-chondritic or subchondritic ratios. Specularite from high-grade iron ore (spH1A = 18 -47; spH1B = 7; and spH2B = 9 -24) shows a widespread pattern of Y/Ho ratios, from near chondritic to subchondritic values. (Figs. 2D, 3B and 4B) in both DI (gHmA) and high-grade iron ore (gHmB). Similar to the ores from other deposits located in the Quadrilátero Ferrífero (Hackspacher 1979; Rosière 1981; Rosière & Chemale 1991 ), magnetite appears commonly as the pink-brown kenomagnetite (Kullerud et al. 1969; Morris 1980; Rosière 1981) . Kenomagnetite is a partially oxidized, Fe 2+ -deficient oxide that is commonly associated with iron enrichment and the formation of high-grade ore bodies . The progressive oxidation of magnetite leads to the formation of kenomagnetite/maghemite and hematite (martite). They comprise an aggregate of crystallographically defective grains with free Fe 2+ sites (Kullerud et al. 1969 ) that are complex intergrowths and exhibit tiny inclusions and micropores as well as lower reflectivity. The large numbers of Fe 2+ free sites in granular hematite (martite) host the high concentration of cations such as Mn, Mg, Sr, Ti, Cr, and V with similar charge density.
Comparison of trace element contents of the granular hematite/martite grains from DI (gHmA) and from high-grade iron ore samples (gHmB) reveals significant variations, suggesting a geochemical alteration trend associated with the iron enrichment process. The contents of V, Cr, Al, Ga, Si, As, and Sb remain constant (immobile), whereas Sr, Mg, and Mn become fractionated and relatively depleted and Mo, Cu, Bi, and Pb are relatively enriched.
Trace elements spidergrams of the four discriminated types of specularite (iron ore cavities: spH1A and spH1B; DI vein: spH2A; and iron ore vein: spH2B) display similar patterns with depletion in nearly all elements when compared with granular hematite (gHmA and gHmB) from itabirite and high-grade iron ore. Platy hematite crystals in veins and vugs as well as in all schistose ore types are the product of solution-precipi tation processes (Rosière et al. 2013b ). The present results indicate a high dilution of all elements in the newly precipitated grains although some distinctive characteristics are still noticeable for each platy hematite and schistose ore types: ■ Specularite crystals found in cavities (spH1A and spH1B) have similar elemental distribution than vein specularite (spH2A and 2B), but with slightly higher contents of Ti and Nb indicating they were precipitated from very similar fluids.
■ Specularite crystals from the carbonate-quartz vein (spH2A) in DI exhibit Cs, Ti, V, Cr, Nb, and Ga contents similar to gHmA indicating an affinity of the new vein crystals with the host rock. ■ Mn contents in the specularite crystals from the vein in high-grade iron ore (spH2B) are relatively higher than in the spH2A plates (Fig. 7) . Its presence and concentration is dependent on two main factors: the availability of this element in the fluid and the variation in the oxidation Table 4 . Rare earth elements and yttrium data obtained by LA-ICP-MS for specularite crystals from the vein that cross-cut sample high-grade iron ore 2.
HIO2: high-grade iron ore 2; spH2B: elongated specularite from the quartz-specularite vein in high grade iron ore 2; BDL: below the detection limit; REE: rare earth elements; PAAS: Post Archean Average Shale. and Fe 3+ (0.64Å) in iron oxide minerals due to their charge density (Railsback 2003) . The presence of these elements in martite granular hematite/martite (gHmA) (Figs. 9 and 10) was probably inherited from leached or oxidized carbonates from the sedimentary sequence that occupied the Fe 2+ vacancies since the Z/r ratio directly affects the strength of bonds in the mineral structures.
Sample

HIO2 (spH2B)
According to Yardley & Bodnar (2014) The relatively low Sr content, compared to Mn and Mg, could result from its larger ionic radius and difficulty in fitting in the crystalline structure of the iron oxides or simply reflect the lower concentration of this element in the carbonate protore. Alternatively, the values detected for these elements could represent the occurrence of submicroscopic particles of carbonates that remained as inclusions in the iron oxide grains.
Behavior of chromium, titanium and vanadium (r = 0.74Å), Ti 4+ (r = 0.68Å) and Ti 3+ (r = 0.75Å), which would be capable of substituting Fe 2+ and/or Fe 3+ in the hematite and magnetite crystalline structure. The Cr and V contents obtained here show that these elements did not fractionate during the iron remobilization processes in the Esperança Deposit (Fig. 8) . Nevertheless, the fractionation of Ti, indicated in the variation of its contents in the different iron oxides, reveals a relative mobility of this element during mineralization.
Rare earth elements and yttrium
The REE-Y spidergram indicates that gHmA crystals in DI preserve the whole rock signature (Fig. 12) .
Granular hematite from high-grade iron ore (gHmB), however, exhibits a distinctive REE-Y pattern with a general depletion of HREE with respect to gHmA and a clear decrease in the Eu and Y anomalies. All generations of specular hematite crystals finally exhibit very low trace element concentrations compared to granular hematite. These changes suggest a progressive increase in the fluid/ rock ratio and probably inheritance of the signature of the mineralizing fluid.
A true negative Ce anomaly (sensu Bau & Dulski 1996) is evident only in hematite crystals from DI and enclosed vein, similar to those values common in whole rock data from Paleoproterozoic BIFs, including the itabirites from the Quadrilátero Ferrífero (Spier et al. 2007) . In hematite crystals from high-grade iron ore and also in the enclosed specularite in veins and vugs, a Ce anomaly is absent or positive (Fig. 13 ) indicating higher availability of this element in the fluid that would concentrate in the high-grade ore hematite and specularite plates under oxidative condition.
The variations of the element pair Y-Ho and of the Y/ Ho ratios indicate a Y mobilization during mineralization (Fig. 14) . There is a progressive decrease in the Y/Ho values in the successive iron oxide generations from DI (near seawater field) to high-grade iron ore (CHARAC field) and then to specularite from fractures and veins (subchondritic ratios). This indicates that fluid composition and its chemical interactions with the country rocks played an important role in the geochemical signature of the iron oxides with progressive fractionation of Y and consequent decrease of (Bau 1996) with data from all iron oxide generations from the three studied samples (DI, HIO1, and HIO2) from the Esperança Deposit. The results are compared with CHARAC and seawater field.
the Y/Ho ratio of the mineralizing fluid during its percolation and subsequent precipitation of the several specularite generations (Fig. 14) .
Chemical model
The petrographic and geochemical analyses and interpretations of the data permitted a better understanding of the chemical changes which the ore components were subject to and allowed, therefore, the development of a conceptual model for iron enrichment processes in the Cauê BIF (Fig. 15) .
Characteristics of hematite from dolomitic itabirite
Granular hematite/martite (gHmA) is the main ore mineral both in DI and in the high-grade iron ore. This phase was formed during the early stages of mineralization (Rosière & Rios 2004) and exhibits the highest contents in trace elements. The contents of Mg, which is hosted by the kenomagnetite relics, were probably inherited from Mg-rich carbonate minerals from the DI protore. The REE-Y (PAAS-normalized) patterns and Y/Ho ratios of the individual grains are very simi lar to the whole rock values found in unmineralized BIFs that also reflect the chemical affinity of the ore minerals with the host rock.
Hydrothermal iron upgrade from dolomitic itabirite and formation of high-grade iron ore bodies
The granular hematite/martite (gHmB) grains from high-grade ore bodies are inherited from DI. The contents of relative immobile V, Cr, Al, Ga, Si, As, and Sb of gHmB are similar to gHmA but are depleted in Sr, Y, Zr, Ti, Mg, and Mn, suggesting that these elements were removed from the crystalline structure of the hematite during an iron mineralization stage dominated by leaching of gangue minerals and residual enrichment of Fe.
Iron remobilization and precipitation of hydrothermal specularite in syn kinematic vugs and veins Iron remobilization has also played an important role during mineralization. In this process, hypogene specularite crystals were precipitated in the available space created during deformation. Several generations of this mineral phase are highly depleted in all trace elements including REE with several values below the detection limit and highly variable Y/Ho ratios ranging from chondritic to subchondritic. The positive Ce anomaly and the presence of Mn 3+ in the structure of this mineral phase also indicate the highly oxidizing conditions. Vein hosted plates of specularite precipitated with carbonates and quartz in the dolomitic rock (spH2A) and with quartz (spH2B) in the high-grade ore. In the central part of the veins, young specularite fibers have crystallized together with antitaxial, elongated quartz fibers, as well as with saccharoidal grains, indicating a late stage crack-seal mechanism with external input of SiO 2 -rich fluids. This mechanism was probably associated with the dissolution of quartz-rich country rocks at very high fluid-rock ratios, leading to the formation of dolomite-rich veins, which, in turn, possibly produced a large dilution thereby changing the Eh-pH conditions.
CONCLUSIONS
The LA-ICP-MS data presented in this paper allows the tracing of the signature of trace and REE elements in the different iron oxide mineral generations formed during the iron mineralization process in the Esperança Deposit, Quadrilátero Ferrífero.
The percolation of hydrothermal fluids through the host rocks has leached the gangue minerals, mainly carbonate and quartz, leaving a chemical signature of these minerals in the older granular hematite/martite from DI (gHmA) and highgrade iron ore (gHmB Median: central number of a set (ppm); Mean: average (ppm); s: standard deviation; n: number of analysis; DL: detection limit of 99% of CL (~ 3 s); QL: quantitation limit of 99% CL (~ 10 s or 3.33 DL); CL: confidence limit. 
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